Since radiotherapy is widely used in cancer treatment, it is essential to develop strategies which lower the irradiation burden while increasing efficacy and become efficient even in radio resistant tumors. Our new strategy is relying on the development of solid hybrid nanoparticles based on rare-earth such as gadolinium. In this paper, we then evidenced that gadolinium-based particles can be designed to enter efficiently into the human glioblastoma cell line U87 in quantities that can be tuned by modifying the incubation conditions. These sub-5 nm particles consist in a core of gadolinium oxide, a shell of polysiloxane and are functionalized by diethylenetriaminepentaacetic acid (DTPA). Although photoelectric effect is maximal in the [10-100 keV] range, such particles were found to possess efficient in-vitro radiosensitizing properties at an energy of 660 keV by using the "single-cell gel electrophoresis comet assay," an assay that measures the number of DNA damage that occurs during irradiation. Even more interesting, the particles have been evidenced by MTT assays to be also efficient radiosensitizers at an energy of 6 MeV for doses comprised between 2 and 8 Gy. The properties of the gadolinium-based particles give promising opening to a particle-assisted radio-therapy by using irradiation systems already installed in the majority of hospitals.
INTRODUCTION
Nanoparticles can be used as sensitizing agents to improve the killing effect of conventional radiotherapy provided that they enter into tumoral tissues by an enhancement of the permeability and retention effect (EPR) or appropriate targeting. [1] [2] [3] To have an effect as radiosensitizer, nanoparticles have to contain elements with high atomic numbers. Indeed, high Z confers to particles high X and -ray capture cross-section which can, according to the energy of * Author to whom correspondence should be addressed. the beam used, intensify photoelectric absorption, Compton electron or electron-positron pairs production. Until now, gold clusters were the particles most thoroughly studied. [4] [5] [6] [7] In particular Hainfeld et al. had increased long term survivals in mice grafted with radioresistant head and neck squamous cell carcinoma or mammary tumors when gold particles were used in addition to classical X-ray therapy treatments. 4 8 In this paper, we suggest to evaluate the potentialities of gadolinium-based particles that have been very rarely investigated as radiotherapy sensitizers whereas they also possess a high Z (Z = 64). In particular, we will focus the study on core-shell particles developed by our group that contain a gadolinium oxide core, a shell encapsulating fluorophores and are functionalized via hydrophilic groups such as diethylenetriaminepentaacetic acid (DTPA) or polyethylene glycol (PEG). These sub-5 nm particles present multi-modality imaging (optical, magnetic resonance and X-ray imaging) useful to improve diagnoses 9 and, in preliminary trials performed on small animals, have shown their in vivo potentialities in radiotherapy. 10 Compared to other family of particles such as gold clusters or Quantum Dots, the lanthanide-based sensitizers permit to guide the radio-therapy by Magnetic Resonance Imaging. This is made by adjusting the X-ray shooting at a moment where the tumours still contain a large number of sensitizers whereas the healthy adjacent zones have released the majority of them. 10 They also consist of the rare architectures that, at the same time, possess a sub-5 nm size allowing a quasi complete elimination by the renal route, present an enhanced permeability and retention effect and, due to the protective polysiloxane layer, have a reduced toxicity.
However, these trials were made using a polychromatic synchrotron beam at a mean energy of 80 keV. In this energy range, the photoelectric effect is maximal for the above described particles that contain elements with high atomic number Z. This range (around 80 keV), that is then particularly adapted for using such particles as sensitizers, is very different from that classically available in the majority of medical centers for conventional radiotherapy treatments (a few MeV). In this paper we demonstrate in vitro that the Gd-based core-shell particles can still be efficient radiosensitizers at higher energy than 100 keV. For this, two in vitro complementary approaches were considered. The first test usually called "Comet assay" was performed at an energy of 660 keV created by a Cesium source 137 Cs. It gives information about the therapyinduced damages by counting the number of DNA damage breaks that occurred during the treatment. 11 The second approach was based upon the evaluation of cell survival by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays 12 13 seven days after irradiation delivered at an energy of 6 MeV. To determine an appropriate cell model, we selected U87 human glioblastoma tumor cells that are on one hand aggressive with a poor prognosis and on the other hand highly radio-resistant in absence of any sensitizers. These cells are responsible for glioblastoma multiform (GBM), a common and devastating human brain tumor. 14 We did not study in parallel some corresponding healthy cells since the Gd-based particles present an enhanced permeation and retention effect (EPR) that ensure their penetration in the extra cellular matrix of the cancerous tissues only. 10 All the results presented in this work evidenced an in vitro radiosensitizing effect of the Gd-based core/shell particles at high energies similar to that used in routine X-ray therapy.
MATERIAL AND METHODS

Chemicals
The following compounds were used: gadolinium chloride hexahydrate (99%, Nano-H, France), sodium hydroxide (99%, Sigma Aldrich), diethylene glycol (>99%, SDS), tetraethyl orthosilicate (Si(OC 2 H 5 4 , TEOS, 98%, Aldrich), (3-aminopropyl)triethoxysilane (H 2 N(CH 2 3 -Si(0C 2 H 5 3 , APTES, 99%, Aldrich), diethylenetriaminepentaacetic dianhydride (DTPADA, 98%, Aldrich), triethylamine (TEA, 99%, Aldrich), anhydrous dimethylsulfoxyde (DMSO, Aldrich), anhydrous N ,N -dimethylformamide (DMF, Sigma).
Gadolinium Oxide Nanoparticles Synthesis
Preparation of Gadolinium Oxide Cores
On one hand, gadolinium chloride salt (2.23 g) was placed in 500 mL of diethylene glycol (DEG) at room temperature under vigorous stirring overnight. On the other hand, 2 mL of sodium hydroxide solution (10 mol/L) were placed in another volume of DEG (500 mL). Then, the solution of sodium hydroxide was added to the solution of gadolinium salts drop by drop. A transparent colloid of gadolinium oxide nanoparticles was obtained and can be stored at room temperature for weeks without alteration.
Coating of Gadolinium Oxide Cores by a Polysiloxane Shell
Gadolinium oxide solution was heated at 40 C and silane precursors (APTES, TEOS and in some cases fluorescein conjugated to APTES) were sequentially and alternatively added. For each addition, the proportion of these precursors is 60% APTES/40%TEOS. After 1h, the polymerization of the precursors began thanks to the addition of a S2 catalyst (0.1 mol/L TEA and 10 mol/L water in DEG). Between each sequence, the mixture was stirred for 48 h at 40 C. Then to stabilize the particles in a biological environment, DTPADA dissolved in anhydrous DMF was added to the particles (1/1; DTPADA/APTES) and stirred for 24 h. So, we obtained the grafting of DTPADA on amino groups. The atomic ratio Si/Gd (of the Gd 2 O 3 cores encapsulated by the polysiloxane shell) is of about 7 and the number of DTPA per particle was found equal to 20 by chemical analyses.
To transfer nanoparticles from DEG to water, nanoparticles were precipitated in 500 mL of acetone. After centrifugation, the supernatant was removed and 20 mL of water were added to disperse the particles. The purification of polysiloxane-coated nanoparticles was performed by tangential centrifugation in Vivaspin ® (5 kDa). Any concentration comprised between 0.01 mM and 300 mM of Gd can be attained after incorporation in biological solutions with osmolarity of 300 mosmol/L and pH near 7.4.
Particles Internalization in U87 Cells
For both therapy experiments (comet and survival assays), adhering cells on wells were incubated between 1 and 24 hours in presence of particles at a concentration varying between 0.5 and 2 mM of Gd in a DMEM medium (Dulbecco's Modified Eagle Medium) containing 10% foetal calf serum, essential amino acids (0.5X), non-essential amino acids (0.5X), vitamins (0.4X), pyruvate sodium (1.25 mM), serine (10.8 g/mL), asparagine (20 g/mL), glutamine (2 mM), penicillin (100 UI/mL)/streptomycin (100 g/mL). For comet assay, 3 × 10 5 cells were seeded per well whereas for cell survival test we used 2 5 × 10 3 cells/mL. After incubation, cells were washed twice with 1X Phosphate Buffer Saline solution (PBS, 300 mosmol/L, pH 7.4).
Determination of Intracellular Gadolinium
Content by Inductively Coupled Plasma-Optical Emission Spectroscopy
The gadolinium concentration of labelled cells was measured using Inductively Coupled Plasma Optical Emission Spectroscopy. For this, 200 L of 65% (vol/vol) nitric acid was added during 2 hours to a known number of pelleted cells (comprised between 3 and 4 10 5 . The solution obtained was diluted in 5% (vol/vol) nitric acid to reach a gadolinium concentration in the measurable range [1-100 ppb]. The exact gadolinium concentration ( g/mL) was then measured at 336.22(4) nm in a sample with a volume comprised between 3 and 4 mL using a Varian 710-ES ICP-OES apparatus (Varian, Les Ulis, France).
Single-Cell Gel Electrophoresis Comet Assay
After washing, cells were suspended in 1% Low Gelling Temperature (LGT) agarose in DMEM and transferred on a frosted glass microscope slide precoated with a layer of 0.5% normal melting point agarose. Immobilized cells were then irradiated (10 Gy with a source of 137 Cs; 660 keV) or not and immersed in lysis buffer [(2.5 mol/L NaCl, 100 mmol/L EDTA, 10 mmol/L Tris, 1% sodium lauryl sarcosinate, 10% DMSO, 1% Triton X-100 (pH 10)] for 1 h at 4 C to destroy cell membranes. Then the slides were placed in an electrophoresis tank with migration buffer [(0.3 mol/L NaOH (pH 13) and 1 mmol/L EDTA] for 40 min to denature double-strand DNA and submitted to a tension of 23 V (0.66 V/cm) and an intensity of 300 mA during 25 min. Breaks induce a migration of DNA towards the anode to make a tail comet. At the end, slides were washed with neutral buffer [0.4 mol/L Tris-HCl (pH 7.5)] and stained with 20 g/mL ethidium bromide. The variable of the comets were quantified with the use of the software Comet Assay 2 (Perceptive Instrument). In particular, the tail moment that is defined as the product of the percentage of DNA in the tail by the displacement between the head and the tail of the comet is related to the number of DNA damages. 15 
-H2AX Assay
One hour after incubation with Gd-based particles containing fluorescein (FITC), cells were irradiated (5 Gy) with a 137 Cs source at 660 keV. Two hours after the beginning of particles treatment, samples were immunostained with antibodies against -H2AX (red) for DNA damage detection and analyzed by confocal microscopy. Nuclei were labelled with Dapi (blue).
Cells grown on coverslips (Menzel, Braunschweig, Germany) were fixed for 15 min in 4% formaldehyde, permeabilized in 0.2% Triton X-100 for 5 min, blocked with 2% BSA and incubated with mouse monoclonal antibodies against -H2AX (Upstate Biotechnology, Temecula, CA, USA), for 1 h at room temperature (RT) or overnight at 4 C. Secondary antibodies conjugated with Cy3 (Jackson ImmunoResearch, West Grove, PA, USA) were used at a dilution of 1/200 for 30 min at RT and DNA was stained with DAPI. Microscopy analyses were performed at RT using the Leica SP5 confocal system, attached to a DMI6000 stand using a 63 × /1 4 objective. Images were processed using the freely available software ImageJ (http://rsb.info.nih.gov.gate1.inist.fr/ij/) complemented with the LOCI bioformat plug-in (http://www. loci.wisc.edu/ome/formats.html) to open images generated by the Leica SP5 confocal system.
Measurement of Cell Survival After Irradiation of Cells Containing Gd-Based Particles
Cell survival was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay after incubation with Gd-based particles according to the same process than that used in comet assays. It was evaluated 7 days later corresponding to, at least, six celldivisions 12 13 after irradiation with a beam of 6 MV delivering doses of 2, 5 and 8 Gy respectively. For such an evaluation, 50 L of 0.5% MTT solution were added in each well and incubated for 3 h at 37 C in order that the surviving cells can form formazan crystals. These crystals were then dissolved by adding 50 L per well of 25% sodium dodecylsulfate solution under vigorous pipetting before measurement of formazan absorbance at 540 nm using a Multiskan MCC/340 plate reader (Labsystem, Cergy-Pontoise, France). Results were expressed comparatively to control samples that have the same Gd concentration but have not been submitted to any irradiation. Each experiment was performed three times.
For irradiation, a Pantak Therapax STX 150 apparatus (Pantak Medical Systems, AGFA, NDT, France) was used with a aluminium filter and a collimator with a diameter of 2 and 1.5 cm respectively.
MTT assays were preferred to clonogenic assays to palliate the low plating efficiency of the U87 cells. Such assays are known to give similar results to those obtained from clonogenic ones for radiosensitivity testing. 16 
Statistical Analysis
Mann-Whitney U test was used to assess the significant level between independent variables. The level of significance was set to p < 0 05.
RESULTS AND DISCUSSION
To be a good radiosensitizer gadolinium-based particles need first to accumulate into cancer cells or onto cell membranes. To evaluate it, adhering cancer cell were incubating in presence of particles during one hour at concentrations varying between 0.5 and 2 mM of Gd. Incubation and intracellular gadolinium content were estimated using Inductively Coupled Plasma (ICP). Figure 1 shows that the uptake of Gd-based particles is directly proportional to the Gd concentration in the incubation medium. Gd uptake can be expressed not only in pg/cell (the unit directly given by ICP measurements) but also in mmol per liter of cells (mmol/L or mM) by assuming that their radius is equal to 5 m. Then it is possible to use the same unit (mmol/L) in the incubation medium (per volume of solution) and in the cells (per volume of cell). Gd concentration is found 12 times greater in the cells than in the solution. In particular, the linear law between the gadolinium content in the solution and that in the cell is not affected by the change in cells viability that occurs for concentrations higher than 1 mM. This accumulation of Gd particles reveals then that the cells, dead or alive, are acting as gadolinium pumps from the incubation medium towards the cell. This is beneficial for further radiotherapy since it implies that a significant amount of radiosentisizers can accumulate in tumor cells. In particular, particles appear as better candidates than molecules for clinical applications since, in comparable conditions, complexes of gadolinium Gd-DTPA (Magnevist ® accumulate only 6 times (instead of 12) within the cells. 17 Using confocal microscopy, we showed that the core-shell particles are distributed non uniformly in the cytoplasm and are systematically absent of the nucleus. Such a particle distribution is in good agreement with that found with other gadolinium-based particles coated by different surfactant molecules 17 18 or related to other types of nanoparticles made with gold, 19 iron oxide 20 21 or diamond. 22 The potentiality of the particles to be efficient radiosentizers was first evaluated by using the single-cell gel electrophoresis comet assay. The cells incubated under different conditions and containing different Gd content were then submitted to a gamma irradiation at the energy of 660 keV ( 137 Cs), value intermediate between the [10-100 keV] range for which the photoelectric effect is maximal and the [2-10 MeV] range characteristic of clinical irradiators. The irradiation efficiency was evaluated by measuring the mean tail moment which corresponds to the number of DNA damages such as single and double strands breaks, the formation of apurinic sites, the alkylation and oxidative alterations 11 that occurred during the irradiation. Figure 2 shows that, whatever the concentration of Gd-based particles, the mean tail moment is greater than that obtained without particles (the moment is always greater than 50 in a.u. whereas it is less than 40 in absence of particles). This is the first proof that Gd-based particles can behave as radiosentizers out of the [10-100 keV] range where photoelectric effect is predominant. However, the formation of DNA damage does not systematically increase with the content of particles since Figure 2 shows that the curve presents a maximum for a Gd concentration of 0.5 mM in the incubation solution (i.e., a concentration of 6 mM within the cell). To explain this decrease after 0.5 mM, two reasonable explanations can be proposed. First, Gd started to induce toxicity by itself for doses higher than 0.5 mM. This stand-alone toxicity could then attenuate the detection of a radiosensitization effect. The second explanation consists in the formation of particles aggregates within the cell. Even if, in water at pH 7.4, the particles are colloidally stable until Gd concentration of 100 mM, the conditions for agglomeration can completely differ in a cell medium with a different composition, viscosity, osmolarity or pH. All these differences, that render completely different the surface forces between the particles, can thermodynamically induce the formation of aggregates. This was shown by a series of confocal observations made for different incubation concentrations varying between 0.1 and 2 mM. These observations confirm that internalized particles effectively gather in large aggregates whose size increases with the particles amount. Such Fig. 2 . In vitro radio-sensitizing effect of gadolinium oxide nanoparticles at 10 Gy using a radiation at 660 keV. optical observations are corroborated by Electron Transmission Microscopy performed on another type of radioresisting cells (SQ20B) which shows that, after incubation at a concentration of 0.6 mM, the sub-10 nm particles are entirely gathered in cells endosomes with a size comprised between 200 and 400 nm (not shown here). Moreover it has been shown that the gamma irradiation can itself change the morphology of particles assemblies. 23 For instance, it has been evidenced that in the case of gold particle solutions, an irradiation at the same energy than that used in this work (660 keV) can induce alone a same level of particles aggregation. 24 These aggregations are expected to severely decrease the efficiency of irradiation since the radiation that is absorbed in the centre of the aggregates does not behave as those absorbed in the periphery or in non-agglomerated particles. Indeed, the radiation absorption causes the emission of both secondary and Auger electrons that do not possess a sufficient energy to escape from the aggregates and generate irreparable damage to the surrounding cells.
Here, another type of DNA damages was evaluated at the same energy as this used in the comet assay (660 keV). It consists on measuring the number of phosphorylated -H2AX histones that appear after double-strand DNA breaks (DSB). For this, cells were treated with FITC Gd-based particles (that permit to visualize nanoparticles in cells) before irradiation at 5 Gy and then -H2AX were evidenced in confocal images by using specific antibodies coupled with a red dye. The number of red points in the image gives us the number of double-strand DNA breaks. For the control, the number of DSB is equal to 2 breaks/nucleus. After irradiation at 5 Gy, this number increases to 61 breaks/nucleus. The presence of Gd-based particles with irradiation permit to increase again the number of DSB (112 breaks/nucleus corresponding to an increase of 84% versus the irradiation only, Fig. 3 ). With this other test, we demonstrate that Gd-based particles procure an increase of DNA damages and more particularly an increase of double-strand DNA breaks that are more difficultly repaired and so that are a good indicator as a radiosensitizing effect.
High energy radiations that are characterized by a high linear energy (LET) transfer to the surrounding matter are known to induce more complex DNA damages than those induced by radiations (X-rays) that possess a lower LET. Indeed, high LET can create clustered DNA damages that are responsible for a slower repair of DNA alterations and lead to severe biological consequences. [25] [26] [27] [28] In presence of particles, radiations possessing high LET could also generate other specific DNA damages. Therefore, to verify if the DNA alterations induced in presence of Gd particles are the same than in absence of radio-sensitizers, "repair curves" have to be obtained. This was made by placing the cells in growth conditions after irradiation and monitoring the disappearance of the damage using the above described "comet assay." Such curves that are given in supporting information show that the repair is very efficient for cells treated by Gd particles before irradiation. Most of the damage was repaired within the first hour and no behaviour difference can be related to the presence or the absence of sensitizers during irradiation. This is the proof that under 660 keV radiation, the distribution and the nature of the damage is essentially not modified by the presence of particles.
Finally, the cytotoxic effect was evaluated at a comparable energy (6 MV) that in clinical practice. The percentage of surviving cells was determined by measuring the quantity of formazan synthesized only by the living cells. For this test, it was chosen to perform incubation at a Gd concentration of 0.1 mM and 0.5 mM. Indeed, at 0.5 mM we observe a maximum number of DNA breaks and after this concentration, the number of DNA breaks decreases and becomes stable because of particles aggregation that limits the efficiency of therapy. In the absence of irradiation, the percentage of surviving cell after 7 days is equal to 100% regardless of the presence of particles (Fig. 4) . This means that, at this concentration, the quantity of particles
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Mowat et al. internalized within the cells does not lead to any mortality. When increasing irradiation, Figure 4 shows (i) that without particles internalization the cytotoxic effects increases, as expected, in a dose irradiation dependent manner and (ii) that the mortality presents a statistically significant increase in presence of Gd-based particles.
The mortality is also found to increase with the particles concentration from 0.1 to 0.5 mM. This is observed regardless of the dose of irradiation, 2, 5 or 8 Gy. Moreover, when the irradiation dose increases, the percentage of cells that die due to the additional influence of particles also increases. For instance, in the case of a gadolinium concentration of 0.5 mM, the proportion of cells that have been killed thanks to the sensitizing effect of particles increases from 12.5%, 25% up to 37% when the dose increases respectively from 2, 5 to 8 Gy. By these experiments, we evidenced again that the gadolinium oxidebased nanoparticles can induce a radiosensitizing effect in an energy range easily used for conventional radio-therapy.
CONCLUSION
In this paper, we have first proved that gadolinium oxidebased nanoparticles can be internalized at high concentrations in radio-resistant cancer cells without alteration of the cells. These particles have been previously demonstrated to be efficient as in vivo radiosensitizers in small animals in the [10-100 keV] range. Here they have been evidenced to have in vitro radio-sensitizing effects first at 600 keV by using the "single-cell gel electrophoresis comet assay" that measures the number of DNA damage occurring during irradiation. Even more interesting, they have been evidenced to be also efficient radio-sensitizers at the energy of 6 MV by using a test of cell survival after irradiation with doses comprised between 2 and 8 Gy. These results are encouraging since they have been performed on human U87 cells that are known to be radioresistant. The properties of the Gd-based particles so developed give promising opening to a future application in radio-therapy by using as sensitizers nanoparticles containing atoms with high atomic number.
